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Scienze Fisiche della Materia, Ancona, Italy; and ‡Dipartimento di Biologia, Universita` di Padova, Padova, ItalyABSTRACT The new QUAFIT method for determining the quaternary structure of biological macromolecular assemblies by
analyzing x-ray or neutron small-angle scattering data is presented. The method is based on the idea that asymmetric mono-
mers, formed by rigid domains of known atomic structure possibly connected by flexible linkers of known sequence, are assem-
bled according to a point-group symmetry combined with a screw axis. Scattering amplitudes of domains and linkers are
determined by means of a spherical harmonics expansion and combined to get the form factor of the assembly. To avoid
any overlap among domains, the contact distance between two asymmetric domains is determined as a function of their orien-
tation by a new algorithm, based on Stone’s Invariants expansion. To account for continuity and compactness of the whole
assembly, an anisotropic Lennard-Jones potential among domains, written in terms of the contact distances, is included in
the merit function. QUAFIT allows for the simultaneous presence of oligomerization intermediates as well as of monomers
distributed over multiple conformations. QUAFIT has been tested by studying the structure of a high molecular weight protein,
the hemocyanin from Octopus vulgaris, under solution conditions that stabilize the decameric form or induce dissociation into
monomers, respectively. Results are in very good agreement with the structural model derived from electron microscopy
observations.INTRODUCTIONModern structural molecular biology reveals how protein-
protein interactions are essential for the function of the
cellular machinery. These phenomena span over a wide
range of complexity: from the oligomerization of a few
subunits responsible for protein activation or allosteric
modulation of an enzymatic complex up to the assembly
of large structures such as scaffolds, ribosomes, or viral
capsids. The ultimate challenge in structural biology is
thus the elucidation of the organization of such macromo-
lecular systems and the understanding of the principles
that govern their association and dissociation. Complex
aggregation processes are also responsible for the formation
of amyloid fibers that represent a hallmark of a number of
neurodegenerative diseases (1). To this goal, low-resolution
structural reconstruction methods are often very useful
because they can be applied to macromolecular systems
in solution. Using approaches like small-angle solution
scattering (SAS) or cryo-electron microscopy (cryo-EM),
it is possible to obtain structural information at low resolu-
tion (10–20 A˚ for SAS and up to 5–10 A˚ for cryo-EM) from
macromolecular assemblies for a wide range of molecular
masses (from 10 kDa to over 10 MDa) (2–5).
These techniques can be particularly exploited in cases of
nonhomogeneous systems such as in the presence of varying
aggregation states, conformational variability, and kinetic
processes. The importance of the small-angle x-ray scat-
tering (SAXS) approach for high-throughput structuralSubmitted October 18, 2011, and accepted for publication June 25, 2012.
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on a large variety of proteins with different oligomeric states
and from different biological sources (6,7). The continuous
upgrade/enhancement of high-brilliance synchrotron x-ray
sources and detectors demand the development of adequate
algorithms for shape reconstructions to identify structures
and assemblies of macromolecules basing on SAXS data.
Different methods are available such as SASREF, BUNCH,
OLIGOMER, DADIMODO, and MCSAS (8–13).
Our interest has been to develop a new method, QUAFIT,
to reconstruct, on the basis of SAXS but also small-angle
neutron scattering (SANS) data, the structure of a protein
constituted by rigid domains (RDs) connected by flexible
linkers (FLs). The strategy of the method is to find the
optimum configuration of the macromolecular assembly as
it results from the optimum arrangement of an asymmetric
unit (the building block) according to an adequate point-
group symmetry possibly combined with a screw axis. Thus,
this approach is of general validity, because it can also
describe the oligomeric assembly of the same or different
kind of building blocks to address complicated biological
phenomena such as virus capsid formation (14–16).
In this work, we have used QUAFIT for the structural
reconstruction of a mollusk hemocyanin, a protein that has
received much attention in recent years in cryo-EM studies
(17,18). Hemocyanins, the oxygen transport proteins of
mollusks and arthropods, represent a paradigmatic example
of giant proteins resulting from the aggregation of subunits
through a complex pattern of interactions (2). A strong effort
has been made to describe the complex quaternary structure
of oligomers and the spatial arrangement of subunits withinhttp://dx.doi.org/10.1016/j.bpj.2012.06.037
BA
512 Spinozzi and Beltraminithe whole molecule. Actually, the physiological role of such
proteins depends on the capability of the subunits to revers-
ibly bind molecular oxygen to a binuclear copper active site.
Mollusca hemocyanins are described as decamers or
didecamers of subunits, according to the species: decamers
are typical of cephalopods (octopods and decapods); dide-
camers of gastropods, chitons, and protobranch bivalves.
Molecular masses are 3500–4000 kDa and ~8000 kDa,
respectively, the differences deriving from both the peculiar
structure of the corresponding subunits and the number of
assembled building blocks. It should be observed that
molluscan hemocyanin subunits are subdivided into 7–8
paralogous functional units of ~50 kDa (named a–g or
a–h, respectively). The different functional units have a glob-
ular structure and are connected in a precise order by short
amino-acid sequences to yield a necklace or string-of-beads
structure. A precise pattern of interactions between the func-
tional units dictates the assembly of the subunits to build
a quaternary structure, which was described as a hollow
cylinder with a collar (functional units g–h) and a wall (func-
tional units a–f) (17–19). In the decamer, the 10 subunits are
arranged about the cylinder axis and, in general, exhibit aD5
point-group symmetry, although an unexpected C5 symmetry
of the functional units belonging to the collar was recently
reported by Gatsogiannis et al. (17). Didecameric structures
are obtained by tail-to-tail assembly of two decamers. In this
study, QUAFIT has been used to derive from SAS data the
low-resolution structure of the decameric hemocyanin iso-
lated from the octopod Octopus vulgaris and its monomeric
dissociation products.F
E
D
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FIGURE 1 Diagram of the different aggregation processes leading to the
formation of a biological unit, as seen by the QUAFIT method. (A) Rigid
domains of known structure. (B) Rigid domains connected by flexible
linkers and forming loose monomers distributed over many conformations.
(C) Structure of a compact monomer, which is the ancestor of a hierarchical
line of aggregates. (D) Intermediate oligomers forming by the aggregation
of compact monomers. (E) Complete oligomer according to a point-group
symmetry. (F) Final assembly due to the aggregation of several complete
oligomers according of a screw-axis symmetry. This assembly is also called
the ‘‘biological unit’’.THE QUAFIT MODEL
In general terms, the aim of the QUAFIT method is to find
the optimum configuration of a macromolecular assembly
constituted by rigid domains (RDs), whose structure is
known, and flexible linkers (FLs), with known primary
structure, on the basis of small-angle scattering data of
x-rays or neutrons.
In other words, QUAFIT establishes the form factor P(q)
of the assembly that better reproduces the macroscopic
differential scattering-cross section (SCS) provided by a
SAS in-solution experiment as a function of the scattering
vector modulus q ¼ 4psinq/l, with 2q being the scattering
angle and l the wavelength of the incident beam. Indeed,
in the absence of any correlation between different assem-
blies in solution, SCS can be written as
dS
dU
ðqÞ ¼ nPðqÞ þ B; (1)
where nh cNA/Mw,0 is the assembly number density (Mw,o is
the assembly molecular weight, c is the w/v macromolecule
concentration, and NA the Avogadro’s number), and B is
a flat background, which takes into account incoherentBiophysical Journal 103(3) 511–521scattering effects, particularly considerable in SANS ex-
periments of protonated samples (20), as well as possible
slightly improper transmission measurements or buffer
subtractions (8). Referring to the diagrammatic scheme
shown in Fig. 1, the assembly is built through a sequence
of aggregative processes. The asymmetric unit that plays
the role of the assembly building block is the compact
monomer (Fig. 1 C), which is thought as consisting of a
number of rigid domains (Fig. 1 A) connected by flexible
linkers. This monomer may also exist in a dissociated loose
form, distributed over different conformations (Fig. 1 B).
The compact monomers can form an oligomer on the
basis of a defined symmetry point-group G (Fig. 1 E). The
process of formation of this oligomer can give rise to inter-
mediate forms, as shown in Fig. 1 D. Finally, several point-
group oligomers can join on the basis of a screw symmetry
axis to form the total assembly (Fig. 1 F). Hence, the aggre-
gation number of the assembly is written as Nagg ¼ NhNt,
with Nh being the number of symmetry operations of the
point-group G and Nt the number of roto-translation steps
around the screw axis. Proper symmetry groups are cyclic
groups Cn, dihedral groups Dn, and special groups (T , O,
and I ) (21). Each screw roto-translation step is characterized
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a translation dscr along the axis.
As indicated in Fig. 1, B and C, the monomer is depicted
as a combination of a number NRD of RDs and we assume
that the atomic structure of each RD is known either by
experiments (e.g., x-ray or neutron crystallography as well
as NMR techniques) or by structural predictions. In general,
it is not necessary that all the RDs belonging to the mono-
mer be connected by an FL. On the other hand, there may
be pairs of RDs connected by more than one FL.We indicate
by NFL the whole number of linkers in the monomer.
Note that the rigid domains can be constituted by one or
more single chains of residues such as amino acids, nucleic
acids, and carbohydrates, whose primary sequences and
tertiary structures are considered to be known. By conven-
tion, each chain is written as an oriented string from a
left-end to a right-end. For amino acids, nucleic acids, and
carbohydrates, left-ends are, respectively, N-terminus,
50-terminus, and carbonyl-terminus. Correspondingly, right-
ends are C-terminus, 30-terminus, and hydroxyl-terminus.
However, the linkers are seen as single chains of residues
and only the primary sequences of the chains are considered
to be known. It is worth mentioning that the glucidic portion
of our case-study hemocyanin is exposed to the solvent (17)
and it has not been considered in our shape reconstruction
because it is not expected to impose structural constraints
to the reconstruction of subunit assembly.
With reference to the main coordinate system s, in which
the z axis corresponds to the screw axis of the assembly
(see Fig. S1 in the SupportingMaterial), the structural param-
eters of the first compact monomer (hereafter referred to as
the reference monomer) can be defined by: 1), the positions
of the geometrical centers of its RDs (indexed by the symbol
d ranging from 1 to NRD) expressed by the vector ud (with
polar coordinates {ud, aud , bud }); 2), the orientation of its
RDs, described by the three Euler angles {ad, bd, gd}, here
indicated with the symbol ud; and 3), the conformation of
any FL (indexed by the variable f comprised between 1 and
NFL), expressed by the set Gf of dihedral angles needed to
define the relative orientation of the Nf residues of the
f-linker. The definition of the angles Gf for protein chains
are detailed in Section S1 in the Supporting Material. Two
other structural parameters are the rotation angle ascr around
the screw axis and the translational distance dscr along this
axis. Positions and orientations of RDs and FLs belonging
to the other Nagg 1 symmetry-related monomers are found
by applying all the Nh symmetry operations of the group G
and the Nt roto-translations around the screw axis to each
RDof the referencemonomer. The set of all structural param-
eters univocally defines the configuration of the assembly.Form factor of the assembly
The most powerful mathematical tool to write the SAS
signal of a macromolecular assembly in solution in termsof the form factors of all its assembled domains and linkers
is the spherical tensor algebra (22). In agreement with the
extensive literature on this subject (23–26), we have
recently developed the SASMOL method (27), which calcu-
lates SAXS (standard and anomalous) and SANS (standard
and polarized) scattering profiles from a Protein Data Bank-
based atomic structure (28). Here we will use the same
approach. The form factor of the assembly is the orienta-
tional average of its squared amplitude (26),
PðqÞhjFðqÞj2 uq ¼ 1
4p
XL
l¼ 0
Xl
m¼l
jFl;mðqÞj2; (2)
where h.iuq denotes the average over the polar angles
{aq, bq} ¼ uq of the scattering vector q, and Fl,m(q) is the
spherical tensor (with rank l and component m) of
the assembly excess amplitude expanded in spherical
harmonics up to the maximum rank L. According to Ortore
et al. (27), this tensor can be written in terms of the indi-
vidual tensors for the isolated assembly, the solvent dis-
placed by the assembly, and the solvation shells of the
assembly,
Fl;mðqÞ ¼
X
j
cjJ
j
l;mðqÞ: (3)
The definition of the coefficients cj (which contain the scat-
tering length densities of the solvent, r0, and of the solvation
shells, rs) and of the partial scattering amplitudes, J
j
l;mðqÞ,
is given in Table S1 in the Supporting Material. The partial
scattering amplitude of the assembly, Jjl;mðqÞ, is obtained
by summing the amplitudes of each RD,Jd;jl;mðqÞ, and those
of each FL, J
f ;j
l;mðqÞ, which should have been formerly
symmetrized according to all the Nagg point-group and
screw-axis operations,
Jjl;mðqÞ ¼
XNRD
d¼ 1
Jd;jl;mðqÞ þ
XNFL
f ¼ 1
Jf ;jl;mðqÞ: (4)
The symmetrization of the partial scattering amplitudes of
the d th RD as well as the calculation and the symmetriza-
tion of the partial scattering amplitudes of the f th FL, are
obtained in seven separate steps, as fully detailed in Section
S2 in the Supporting Material.
Let us lump configuration parameters and scattering
parameters (r0 and rs) together in the symbol X. They
should be optimized to build a form factor P(q) that fits
SAS data (Eq. 1).Fitness of the assembly
To avoid unphysical configurations of the assembly, we
need to consider five fundamental aspects described here-
after (26).Biophysical Journal 103(3) 511–521
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A first test consists in checking if, for the conformation Gf of
the linker, the distance rf,kk0 between two atoms k and k
0 of
the backbone not covalently bound is lower than the sum
of their van der Waals radii rvk and rvk0, respectively. The
backbone control of all the linkers is carried out using
a term of backbone penalty of the monomer, which should
be minimized,
Ubone ¼ wbone
XNFL
f ¼ 1
X
k>k
0
H

rvk þ rvk0  rf ;kk0

; (5)
where H(x) is the Heaviside step function HðxÞ ¼ 0
if x<0 and HðxÞ ¼ 1 if xR0: A second test regards the
overlap between the side groups of the residues g and g0. In
analogy with the backbone penalty, the side-group penalty
term has the expression
Uside ¼ wside
XNFL
f ¼ 1
X
g>g
0
H

rscg þ rscg0  rf ;gg0

; (6)
where rscg is the effective radius of the g-side group and rf,gg0
is the distance between the geometrical centers, uf,g and uf,g0,
of the two groups g and g0. The values wbone and wside are
arbitrary penalty weights.
Capability of the f-linker to connect two RDs
Let us suppose that the f-linker should connect the
domains d and d0. As described in Section S1 in the Sup-
porting Material, the left-end of the f-linker is already
connected with the right-end of a chain belonging to the
d-domain. In contrast, the right-end of the f-linker is
connected to the left-end chain of a d0-domain only for
some values of the set Gf. The four representative atoms
of the right-end residue of the f-linker are hence taken
under control by calculating the X-depending average dis-
tances rf between their positions (denoted as u
0
f,R,k; see
Section S1 in the Supporting Material) and those they
should take to ensure proper connections (uf,R,k) are ex-
pressed as
rf ¼ 1
4
X4
k¼ 1
u0f ;R;k  uf ;R;k: (7)
The connection control of all the linkers is then performed
introducing a monomer elastic energy term that should be
minimized,
Uconn ¼ 1
2
K
XNFL
f ¼ 1
r2f ; (8)
where K is a generalized elastic force constant.Biophysical Journal 103(3) 511–521Overlap between any pairs {dd 0} of RDs
The optimum configuration of rigid domains within the
assembly should avoid any overlap among them, but should
also maintain the continuity or compactness of the whole
structure. In this scenario, the crucial point is to find the
shortest approaching distance (i.e., contact distance) of
two intrinsically asymmetric RDs. To this aim, we have
developed an original method, based on the calculation of
the overlap volume between two RDs. We first define the
shape of a rigid domain by the envelope of the atomic van
der Waals spheres (27): the probability Gd(r) that a point
r belongs to the d-RD is defined by the combination of
the Gaussian spheres placed across the Nad atoms of the RD,
GdðrÞ ¼
XNad
k¼ 1
exp
 
pjr rkj2
y
2=3
k
!
; (9)
where rk is the position of the k-atom (e.g., its coordinates
reported in a Protein Data Bank file) and yk is the relative
core volume, defined in terms of the van der Waals radius
rvk. Let us indicate with Gd(ud,ud; r) the transformation of
the envelope function when, according to a given con-
figuration X of the assembly, the dth RD moves into the
point ud and rotates by ud. The overlap volume between
two rigid domains (briefly d-RD and d0-RD) can be calcu-
lated by placing the d-RD at the origin of the reference
system and the d0-RD at the position rdd0 h ud0  ud
(see Fig. S2),
Vdd0 ðud;ud0 ; rdd0 Þ ¼
Z
dr Gdð0;ud; rÞ  Gd0 ðrdd0 ;ud0 ; rÞ:
(10)
Equation 10 can be nicely manipulated by applying the
correlation theorem, by using spherical tensor algebra and
by imposing the condition that the overlap volume should
be an invariant under any rotation of the reference system.
Through a complex derivation, one can write the overlap
volume as
Vdd0 ðud;ud0 ; rdd0 Þ ¼
XL0
l1;l2 ¼ 0
Xl1þl2
l3 ¼ jl1l2j
Xl1
k1 ¼l1

Xl2
k2 ¼l2
½4dd0 l1;l2;l3k1;k2 ðrdd0 ÞSl1;l2;l3k1;k2

ud;ud0 ;urdd0

;
(11)
where the functions Sl1;l2;l3k1;k2 ðud;ud0 ;urdd0 Þ are the Stone’s
rotational invariants (SRIs) (29), an expansion basis set of
orthogonal functions in the space of eight angular variables:
the Euler angles of the two RDs (ud and ud0) and the two
polar angles of the RD-RD center-to-center vector,
ur
dd
0hfar
dd
0 ; br
dd
0 g The expression of expansion coefficients
is reported in Section S3 in the Supporting Material.
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configuration of two RDs, it is possible to estimate the
minimum approaching distance between them at fixed
values of ud, ud0, and ur
dd
0 : we define as contact distance,
indicated with the symbol sdd0 ðud;ud0 ;urdd0 Þ, the value of
rdd0, which corresponds to a small value ε of the overlap
volume, Vdd0(ud, ud0,rdd) ~ ε. Because biomolecules are in
general flexible objects and the molecular mobility is partic-
ularly high on their surface, a small interpenetration
between RDs has been admitted. Hence, a judicious choice
of ε could be of the order of the molecular volume of a water
molecule, ε ~ 30 A˚3.
Like the overlap volumes, contact distances are invariant
under reference system rotation: hence, they can be ex-
panded in series of SRIs,
sdd0

ud;ud0 ;urdd0
 ¼ XL0
l1;l2 ¼ 0
Xl1þl2
l3 ¼ jl1l2j
Xl1
k1 ¼l1

Xl2
k2 ¼l2
½sdd0 l1;l2;l3k1;k2 Sl1;l2;l3k1;k2

ud;ud0 ;urdd0

;
(12)
where the expansion coefficients ½sdd0 l1;l2;l3k1;k2 , which are inde-
pendent of any positional or orientational coordinate, are
five-index variables. Details concerning the optimum calcu-
lation of these coefficients are reported in Section S4 in the
Supporting Material.
In the absence of any specific information on the interac-
tion between two rigid domains, contact distances can be
used to define a Lennard-Jones potential based on the shape
anisotropy,
ULJdd0 ðud;ud0 ; rdd0 Þ ¼ 4εdd0
("
sdd0

ud;ud0 ;urdd0

rdd0
#12

"
sdd0

ud;ud0 ;urdd0

rdd0
#6)
:
(13)
This potential correctly describes both the short-range van
der Waals attraction between RDs and their strong repul-
sion due to the forbidden overlapping of their electron
orbitals for rdd0  sdd0

ud;ud0 ;urdd0

: Here εdd0 is the depth
of the potential well (in arbitrary units), a value considered
here as a fixed parameter, which, in the more general case of
specific interactions, may depend on the angular variables
ud, ud0, and ur
dd
0 . Due to symmetry operations, some pairs
of RDs among all the NaggNRD(NaggNRD  1)/2 possible
pairs present in the assembly can have the same mutual
configuration ud, ud0, and rdd0, disregarding a full rotation
of the reference system, which does not modify rotational
invariant properties. We can thus introduce the Lennard-
Jones domain-domain potential of the assembly, which is
a function of the group variable X, as the average ofEq. 13 over all the Np different kinds of RD pairs, here indi-
cated with {dd0}p,
URD;RD ¼
PNp
p¼ 1
mfdd0 gpULJfdd0 gpðud;ud0 ; rdd0 Þ
PNp
p¼ 1
mfdd0 gp
; (14)
where mfdd0 gp represents the multiplicity of the p
th pair
within the assembly.
Overlaps between any pairs {df } of a RD and a FL and any
pairs {gg 0} of residues belonging to different FLs
A similar approach based on the SRIs expansion of contact
distances between two RDs is also exploited to check the
overlap between any pairs of a RD and a FL and any pairs
of residues belonging to different FLs. Details are described
in Sections S5 and S6 in the Supporting Material. Note that,
in analogy to Eq. 13, two new terms (the Lennard-Jones
domain-linker potential of the assembly, URD,FL, and the
Lennard-Jones linker-linker potential of the assembly,
UFL,FL) are introduced (see Eqs. S19 and S20 in the Support-
ing Material).Optimizing the assembly
The optimum configuration X of the assembly should not
only provide a good fit of SAS data, but also minimize all
terms of the potential energy introduced above. Hence we
defined the target functional to be minimized as
H ¼ c2 þ Ulinkers þ Uoverlaps; (15)
where c2 is the standard reduced c-squared over the Nq
experimental points,
c2 ¼ 1
Nq  1
XNq
k¼ 1
8<
:
dS
dUexp
ðqkÞ  dS
dU
ðqkÞ
sexpðqkÞ
9=
;
2
: (16)
Here,
dS ðqkÞ is the macroscopic differential SCS at the
dUexp
kth point of the experimental SAS curve, with uncertainty
sexp(qk), and
dS
dU
ðqkÞ is the model SCS at the same point
provided by the QUAFIT method (Eq. 1).
The second term in Eq. 15 contains all potentials
that depend on the linkers’ conformation, Ulinkers ¼ Ubone þ
Uside þ Uconn. The backbone and side-chain penalties, wbone
and wside, as well as the elastic force constant K (see Eqs.
5, 6, and 8), all referring to fit conformations and good
capability of making connections of the whole set of FLs,
are fixed to relatively high values. This is done to ensure,
on the one hand, that no unphysical configuration occurs
and, on the other hand, that at the end of the minimization,Biophysical Journal 103(3) 511–521
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tribution to the function H. The third term in Eq. 15 is the
sum of all the overlap contributions, Uoverlaps ¼ URD;RDþ
URD;FL þ UFL;FL: The three arbitrary overlap factors, εdd0,
εdf0, and εff0 (see Eq. 13 and Eqs. S19 and S20 in the Support-
ing Material), are selected to ensure, at the end of the
minimization, similar values for the respective potentials
and a significant contribution (10–20%) of Uoverlaps to the
function H.
The large number of parameters X to be optimized led
us to choose simulated annealing as the most suitable
minimization method (30). The particular way in which the
simulated annealing method has been implemented into
QUAFIT is described in Section S7 in the Supporting
Material.Assemblies with many configurations
The method can be extended to the case of assemblies
uniformly distributed over a discrete number of different
configurations, say Nconf, which share the same rotational
point-group G and the same number Nt of roto-translations
around the screw axis (hence, the same aggregation number
Nagg), but which are characterized by different sets of para-
meters Xk. The form factor will be a simple average over all
the configurations,
PðqÞ ¼ 1
Nconf
XNconf
k¼ 1
PkðqÞ: (17)
Similar expressions are defined for the averages of the
different potentials. The simulated annealing method is
then performed to find the best set of variables X that repre-
sents the ensemble of Nconf parameter sets Xk.Oligomerization intermediates
An oligomerization intermediate is defined as a point-group
oligomer (see Fig. 1 D) in which not all the symmetrical
positions are occupied by monomers. For example, if the
point group of the complete oligomer is Dn, the oligomer
can be seen as an assembly of n dimers, i.e., objects with
symmetry C2. An oligomerization intermediate could be
then viewed as a combination of n0 < n dimers. Its form
factor can be calculated with the QUAFIT method, only
making the assumption that the assembly is built by the rota-
tional point-group C2 combined with n0  1 roto-translations
around a screw axis perpendicular to the symmetry axis of
C2 and with ascr ¼ 2p/n and dscr ¼ 0.
The oligomerization process can be then easily
described by QUAFIT analysis of the related SAS curves.
In particular, the complete oligomer can be assumed to
form according to a hierarchical assembling of all the pos-
sible intermediates: in the case of weak association forces,
all intermediates will be simultaneously present in solutionBiophysical Journal 103(3) 511–521in thermodynamic equilibrium, each one with a concentra-
tion imposed by the corresponding free energy. Moreover,
if the monomer can assume different and distinct con-
figurations and if each configuration can oligomerize
with its own symmetry, different hierarchical cascades of
intermediates will characterize the system. It should be
also observed that it is possible to include the presence
of monomers that do not oligomerize and that may be dis-
tributed over many configurations (i.e., loose monomers;
see Fig. 1 B). In particular, each of the possible configu-
rations of the monomer is defined by its own structural
parameters, which may be determined by fitting the
SAS data.
The SAS curve of such a complex system, characterized
by one or many active association/dissociation processes,
can be expressed by
dS
dU
ðqÞ ¼ cNA
Mw;m
XNobj
j¼ 1
xj
Naggj
PjðqÞ þ B; (18)
where the index j runs over all the Nobj possible particles
(including monomers, intermediates as well as entire oligo-
mers) of any hierarchical line, Naggj is the aggregation
number of the j-particle, whose calculated form factor is
Pj(q), and xj is the fraction of the whole biomolecule mass
involved in the formation of the j particle. Notice that the
average aggregation number, based on the QUAFIT method,
can be easily calculated as

Nagg

Q
¼
XNobj
j¼ 1
xjNaggj: (19)
Assuming that a certain set of chemical-physical con-
ditions (such as concentration, pH, or chemical composi-
tion of the solution) do not modify the structural
parameters of each particle of the predicted oligomeric
hierarchical lines, but only affect the various association/
dissociation processes, a batch of SAXS as well as SANS
curves recorded for samples in such chemical-physical
conditions can be simultaneously fitted via QUAFIT.
Fitting parameters common to all curves are the struc-
tural parameters, which define the configuration of any
monomer precursor of a hierarchical line, whereas the frac-
tions xj are fitting parameters specific of each recorded
curve.The QUAFIT software and comparison with other
programs
A description of the QUAFIT software and the com-
parison with similar programs available for the investigators
are reported in Sections S8 and S9 in the Supporting
Material.
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Details on samples preparation, SAXS data collection, and Guinier analysis
are given in Sections S13–S15 in the Supporting Material.RESULTS AND DISCUSSION
Validation of QUAFIT
The QUAFIT method has first been validated through the
analysis of SAS curves generated assuming different models
for the quaternary structure of the asymmetric monomer
of O. vulgaris hemocyanin. All details of simulations are
shown in Section S11 in the SupportingMaterial. These tests
have shown that QUAFIT is able to distinguish between
structures with different aggregation numbers and/or dif-
ferent point-group symmetries. In the case of systems consti-
tuted by several oligomers of known structure, the method is
able to extract the relative weight of each component.FIGURE 2 Experimental and fitted SAXS curves of O. vulgaris hemocy-
anin in different conditions. (a) SAXS data of 5.0 gL1 protein in 50 mM
glycine buffer at pH 9.5, with 100 mM SCN and 200 mM F; (b) fit of
curve a; (c) SAXS data of 2.5 gL1 protein in 50 mM Tris buffer at
pH 7.0, with 40 mM CaCl2, 5 mM Na2SO3, 5 mM Na2S2O4; (d) fit of curve
c with the D5-decamer; (f) contribution of the decamer to curve d;
(h) contribution of the loose monomer to curve d; (e) fit of curve c with
the C5-decamer; (g) contribution of the decamer to curve e; and (i) contri-
bution of the loose monomer for curve e.QUAFIT analysis of O. vulgaris hemocyanin:
structure of the decamer and the dissociated
monomer
SANS and SAXS patterns recorded for O. vulgaris hemocy-
anin in different experimental conditions reflect changes in
the aggregation state of the protein. In particular, SAXS
curves from a set of samples prepared in Tris/HCl buffer at
pH 7.0, in the absence or in the presence of reducing agents
such as dithionite or sulphite, or in phosphate buffer, showed
strong modulations of the scattering profiles with several
minima and maxima along the q axis (see Fig. S9, curves
a–m). A curve representative of this set, referring to a sample
prepared in 50mMTris/HCl buffer containing 40mMCaCl2,
5 mM Na2SO3, and 5 mM Na2S2O4 is shown in Fig. 2 c.
Under these conditions, the Guinier’s analysis (which is
detailed in Section S15 in the Supporting Material) of the
SAXS patterns (see Eq. S2 in the Supporting Material)
gave an average radius of gyration Rg ¼ 137 5 3 A˚ as
well as an average aggregation number hNaggiG ¼ 9.1 5
0.7 (see Eq. S2 in the Supporting Material). A completely
different SAXS pattern is obtained at pH 9.5 (50 mM
glycine buffer), in the absence of Ca2þ and reducing agents,
but in the presence of the Hofmeister’s anion of the chaot-
ropic series SCN (100 mM) and in the presence of
200 mM F (Fig. 2 a). Under these circumstances, the char-
acteristic modulations vanished. Such patterns are observed
also in a variety of experimental conditions summarized
in Fig. S1 (curves a–j). The value of Rg increases from
78.0 5 0.8 A˚ (pH ¼ 9.5, absence of F, curve a) to
85.7 5 0.5 A˚ (pH ¼ 7.0, 250 mM F, curve j), whereas
hNaggiG increases from 1.3 5 0.2 to 2.1 5 0.3. All these
results suggest that a fraction of subunits aggregate and
the protein solution become polydisperse.
The QUAFIT method has been applied to derive the struc-
tural properties of the O. vulgaris hemocyanin from theSAXS curves a and c in the Fig. 2 with the lowest (~1) and
the highest (~10) aggregation number, hNaggiG, respectively.Structure of the dissociated monomer
The QUAFIT method has been first applied to the analysis
of the SAS curve reported in Fig. 2 a (5.0 gL1 hemocyanin
in 50 mM glycine buffer at pH 9.5, with 100 mM SCN and
200 mM F), which shows one of the lowest aggregation
numbers (1.3 5 0.2). With such alkaline pH and high
SCN concentration, it can be reasonably assumed that
the protein is in the monomeric form, probably loose (3).
The definition of ‘‘loose’’ for the monomer is introduced
to distinguish its structure where each RD (corresponding
to each functional unit) is equally free to assume any config-
uration with respect to the neighboring one(s) due to the
presence of FLs. An alternative conformation for the mono-
mer is the compact one that will be introduced later. Hence,
the QUAFIT analysis of the curve has been performed under
the assumption that it is only a flexible monomer ofBiophysical Journal 103(3) 511–521
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of a finite number of representative conformations (here
limited to Nconf ¼ 6), exists in solution (see Eq. 17). If
this assumption applies, the point group of the monomer
is the totally asymmetric group C1. The QUAFIT analysis
has been carried out with the same general parameter
settings used for the analysis of simulated curves, as re-
ported in Section S11 in the Supporting Material. The
complete set of all the fitting parameters is reported in Table
S6. The fitting curve is shown in Fig. 2 b with a solid line:
the agreement between theoretical and experimental curve
is very good (c2¼ 1.9). The six conformations of the mono-
mer found by QUAFIT are shown in Fig. S11: it is evident
that there are no specific interactions among RDs. These
results agree well with the description, based on classical
electron microscopy studies (3), of the hemocyanin subunits
as a necklace or string-of-beads structure where different
spatial relationships between contiguous functional units
(here referred to as ‘‘rigid domains’’) are allowed for the
presence of the linker sequences (here referred to as
‘‘FLs’’). The resulting picture matches up to the definition
of loose monomer under these experimental conditions.Structure of the decamer
The curve in Fig. 2 c refers to one of the buffer condi-
tions (2.5 gL1 hemocyanin in 50 mM Tris/HCl buffer at
pH 7.0 containing 40 mM CaCl2, 5 mM Na2SO3, 5 mM
Na2S2O4) that stabilize the oligomeric form. The Guinier
analysis of this curve indicates, in fact, an aggregation
number close to 10. The structure analysis was then per-
formed by QUAFIT, with the assumption that the protein
is mainly present in solution as a fully associated decamer,
but a small amount of monomer can be also present in the
loose conformation. In a preliminary analysis, the point-
group symmetryD5 of the decamer was considered, without
any screw axis (Nt ¼ 1). Because in this group Nh ¼ 10
symmetry operations are defined, the structure of the deca-
mer is fully determined by the structure of a unique refer-
ence monomer, referred to as ‘‘compact monomer’’.
Consequently, structural fitting parameters are: 1), the space
coordinates ({ud, aud , bud }) of the seven RDs constituting
the compact monomer (with d running from a to g); 2), their
corresponding orientation coordinates ({ad, bd, gd}); and 3),
the six sets of dihedral angles Gf that characterize the
conformation of each FL, with f varying from 1 to 6. Con-
cerning the loose monomer, its structure has been regarded
as already known and fixed to the Nconf ¼ 6 conformations
previously found and shown in Fig. S11. Furthermore, the
monomer, within the aggregated oligomer, is described as
‘‘compact’’ because each RD assumes a precise orientation
with respect to the neighboring RDs due to the intermolec-
ular forces stabilizing the decamer.
The SAS curve in Fig. 2 c was analyzed by means of Eq.
18, taking into account the presence of Nobj ¼ 2 kinds ofBiophysical Journal 103(3) 511–521particles—the decamer (j ¼ 10) and the loose monomer
(j ¼ 1L). In this case, the form factor of the decamer,
P10(q), and the corresponding fraction, x10, have to be deter-
mined, whereas the form factor of the loose monomer,
P1LðqÞ, is a function that can be regarded as already deter-
mined by the previous analysis. The QUAFIT calculation
was thus performed with all the setting parameters (e.g.,
contact distances parameters, force constant, etc.) already
used in the analysis of the dissociated monomer.
All fitting parameters and the corresponding target func-
tional components are reported in Table S7. Of particular
note is that the fraction of hemocyanin mass forming the
decamer turned out to be x10 ¼ 0.8 5 0.5, suggesting that
a huge amount of monomers are assembled as decamers.
Note also that the average aggregation number is hNaggiQ ¼
85 2 (see Eq. 19), very close to the one calculated with the
Guinier approximation, hNaggiG ¼ 95 1. The fitting curve
is shown in Fig. 2, curve d: it can be easily observed that the
agreement between the theoretical and the experimental
curve is very good (c2 ¼ 2.8). In the same figure, the sepa-
rate contributions for the decamer (curve f) and the loose
monomer (curve h) are also shown.
The quaternary structure of decamer, as obtained by
QUAFIT analysis of the SAXS curve imposing a D5
symmetry, is shown in Fig. 3 (panels A and B), together
with the cryo-EM contour of the Nautilus pompilius hemo-
cyanin obtained by Gatsogiannis et al. (17) (panels E and F)
and the optimum overlap between the two structures (panels
C and D). The agreement between the two results, both in
term of the conformation of the different monomers, which
interweave with one another like cotton strands in a woven
textile, and in terms of decamer sizes and shapes, should be
underlined. Particularly interesting is the three-dimensional
structure of the compact monomer (e.g., the basic building
block of the entire decamer), which is shown under 12
different orientations in Fig. S12. The close packing of the
different functional units (the seven RDs) and the compact-
ness of the whole aggregate can be directly appreciated.
The findings by Gatsogiannis et al. (17) about the
N. pompilius hemocyanin were then taken into account. In
particular, the authors found an unexpected C5 symmetry
for the functional units present in the internal collar of the
hollow cylinders. This singular functional unit corresponds
to the 7th RD of the monomer, the RD-g, whereas the other
six obey to the previously described D5 symmetry. Conse-
quently, the point-group symmetry of the whole decamer
is C5. Accordingly, the asymmetric unit, which is simply
rotated around the C5 z axis, can be seen as being formed
by two monomers, which share the same internal order
regarding the six a–f RDs, but show a different arrangement
for the 7th domain in the collar. The structure of the decame-
ric assembly depends therefore on the positions and orienta-
tions of the seven RDs of the first monomer in addition to
the disposition of the RD-g0 of the other monomer (the first
six RDs are actually related to the corresponding six RDs of
FIGURE 3 Atomic structure of the decamer of O. vulgaris hemocyanin obtained analyzing the SAXS curve reported in Fig. 2 c with the QUAFIT method.
The symmetric positions of the seven RDs (a–g) are color-coded according to Gatsogiannis et al. (17) (RD-a, red; RD-b, yellow; RD-c, green; RD-d, orange;
RD-e, purple; RD-f, blue; RD-g, cyan; and the six FLs are shown in dark gray). (A–D) Side and top views of the D5-decamer obtained with QUAFIT
(A and B) and its best overlap with the contour of the cryo-EM structure of the N. pompilius hemocyanin obtained by Gatsogiannis et al. (17) (shown in
transparent gray in C and D). (E and F) Side and top views of the cryo-EM contour of the N. pompilius hemocyanin obtained by Gatsogiannis et al.
(17). (G–J) Side and top views of the C5-decamer obtained with QUAFIT (I and J) and its best overlap with the contour of the cryo-EM structure of the
N. pompilius hemocyanin obtained by Gatsogiannis et al. (17) (G and H).
Quaternary Structure from SAS Data 519the first monomer by a p-rotation around the first of the five
C2 axes of the D5 group).
The fitting results, obtained by QUAFIT using the same
calculation settings already used in the first analysis, but
considering the C5 symmetry, are shown in Fig. 2, curve e,
with the two distinct (decamer and loose monomers) con-
tributions in curves g and i, respectively. The fitting param-
eters are reported in Table S8 and a picture of the
C5-oligomer, as it results from QUAFIT reconstruction, is
reported in Fig. 3 (panels I and J) together with the cryo-
EM contour of the N. pompilius hemocyanin (17) (panels
E and F) and the best superposition between the two struc-
tures (panels G and H). By inspecting the fitting curves
(Fig. 2, curves d and e) and the corresponding c2 values
(2.8 and 4.8 for the D5 and the C5 case, respectively, in
Table S7 and Table S8), it can be concluded that there are
no appreciable differences in the fit quality between the
two types of symmetry. Hence, we suggest that the intrinsic
low resolution of the SAS technique does not allow us to
distinguish between D5 and C5 point groups in the SAXS-
only shape reconstruction analysis of the fully associated
decamer. However, the comparison of QUAFIT-based re-
constructions with the cryo-EM contour confirm that the
decamer is better described according to a C5 rather than
D5 symmetry. Fig. S13 shows the QUAFIT structure of
the dimer resulting from the association of two monomers
in the case of D5 and C5 symmetries.CONCLUSIONS
QUAFIT is a new program that has been designed for deter-
mining the quaternary structures of a protein by analyzing
SAS curves. The calculation is based on the idea that thestructure of the protein assembly can be reconstructed by
searching for the optimum arrangement of an asymmetric
unit (the monomer) that, according to an adequate point-
group symmetry possibly combined with a screw axis,
builds the final oligomer. The monomers are described as
being composed of rigid domains of known structure and
connected by flexible linkers in a known sequence. The
calculation progresses evaluating the relative positions and
orientations of the different domains in the monomer and
then the arrangements of the monomers in the macromolec-
ular assembly that best fits small-angle scattering data of
x-rays or neutrons.
Particular care in the program development has been
taken to derive the arrangement and the conformation of
the flexible linkers, to control and limit the overlap among
rigid domains, flexible linkers, and monomers (by adding
a kind of Lennard-Jones type potential in the expression
of the reduced c-squared), and to include in the fitting anal-
ysis the possible presence of oligomerization intermediates
in solution.
In this article, after a detailed presentation of the method,
the analysis of SAXS data on O. vulgaris hemocyanin has
been presented. In particular, QUAFIT has been used to
determine the structure of the decamer in a neutral pH solu-
tion in two alternative assembled forms that cannot be
solved due to the low experimental resolution, and to assess
the structure of different conformations that characterize the
hemocyanin loose monomer in dissociating conditions. The
structures obtained for O. vulgaris hemocyanin in a deca-
meric or monomeric state agree well with contemporary
models based on alternative low-resolution approaches,
proving that QUAFIT can be a convenient tool for describing
complex oligomeric aggregates on the basis of the knownBiophysical Journal 103(3) 511–521
520 Spinozzi and Beltraministructure(s) of specific building block(s). Furthermore, as
disclosed by the analysis of the decameric hemocyanin, the
method also allows us to account for a given degree of poly-
dispersity, as often encountered in the case of oligomeric
systems.
It should be observed that structural biologists are
increasingly interested in the study of complex oligomeric
aggregates (called ‘‘biological units’’), for at least two
reasons:
First, it is well known that a protein usually exerts its
function not as a single molecule, but as a biological
complex in which the protein itself is assembled with other
identical or different proteins, or for example with nucleic
acids. These biological units can change their structure
upon variations of chemical and physical conditions.
Second, the rapid development of proteomics is providing
the structure knowledge at atomic resolution of small or
medium-sized proteins or domains of larger proteins. It is
therefore very important to have methods that allow us to
determine the structure of biological units from the knowl-
edge of the structure of their main domains.
In this article, it is clearly demonstrated that QUAFIT can
be a valuable tool to meet these demands. On the one hand,
QUAFIT is based on the analysis of SAS data obtained
considering proteins in solution, with the option to easily
change the physico-chemical conditions of the solution,
which is not possible with x-ray crystallography or with
electron microscopy. On the other hand, QUAFIT has
been designed not only to identify a single structure of the
biological unit, but also to describe hierarchies of structures
that can be simultaneously present in the system either in
full or in dissociated forms.SUPPORTING MATERIAL
Fifteen sections, eight tables, 13 figures, and references (31–38)
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(12)00726-6.
We thank P. Mariani and C. Ferrero for their critical reading, B. Salvato and
E. Dainese for helpful discussions, and I. Micetic for the homology
modeling and cryo-EM comparison.REFERENCES
1. Chiti, F., and C. M. Dobson. 2006. Protein misfolding, functional
amyloid, and human disease. Annu. Rev. Biochem. 75:333–366.
2. Decker, H., N. Hellmann, ., J. Markl. 2007. Minireview: Recent
progress in hemocyanin research. Integr. Comp. Biol. 47:631–644.
3. van Holde, K. E., and K. I. Miller. 1995. Hemocyanins. Adv. Protein
Chem. 47:1–81.
4. Decker, H., and N. Terwilliger. 2000. Cops and robbers: putative evolu-
tion of copper oxygen-binding proteins. J. Exp. Biol. 203:1777–1782.
5. van Holde, K. E., K. I. Miller, and H. Decker. 2001. Hemocyanins and
invertebrate evolution. J. Biol. Chem. 276:15563–15566.Biophysical Journal 103(3) 511–5216. Grant, T. D., J. R. Luft,., E. H. Snell. 2011. Small angle x-ray scat-
tering as a complementary tool for high-throughput structural studies.
Biopolymers. 95:517–530.
7. Hura, G. L., A. L. Menon, ., J. A. Tainer. 2009. Robust, high-
throughput solution structural analyses by small angle x-ray scattering
(SAXS). Nat. Methods. 6:606–612.
8. Putnam, C. D., M. Hammel,., J. A. Tainer. 2007. X-ray solution scat-
tering (SAXS) combined with crystallography and computation:
defining accurate macromolecular structures, conformations and
assemblies in solution. Q. Rev. Biophys. 40:191–285.
9. Svergun, D. I., M. V. Petoukhov, and M. H. J. Koch. 2001. Determina-
tion of domain structure of proteins from x-ray solution scattering.
Biophys. J. 80:2946–2953.
10. Chaco´n, P., J. F. Dı´az, ., J. M. Andreu. 2000. Reconstruction of
protein form with x-ray solution scattering and a genetic algorithm.
J. Mol. Biol. 299:1289–1302.
11. Bernado´, P., and D. I. Svergun. 2012. Structural analysis of intrinsically
disordered proteins by small-angle x-ray scattering. Mol. Biosyst.
8:151–167.
12. Evrard, G., F. Mareuil,., J. Pe´rez. 2011. DADIMODO: a program for
refining the structure of multidomain proteins and complexes against
small-angle scattering data and NMR-derived restraints. J. Appl. Crys-
tallogr. 44:1264–1271.
13. Hartmann, H., and H. Decker. 2004. Small-angle scattering techniques
for analyzing conformational transitions in hemocyanins. In Energetics
of Biological Macromolecules, Part D, Vol. 379, Methods in Enzy-
mology Series. J. M. Holt, M. L. Johnson, and G. K. Ackers, editors.
Academic Press, Salt Lake City, UT. 81–106.
14. Lee, K. K., H. Tsuruta,., J. E. Johnson. 2005. Cooperative reorgani-
zation of a 420-subunit virus capsid. J. Mol. Biol. 352:723–735.
15. Wikoff, W. R., J. F. Conway, ., J. E. Johnson. 2006. Time-resolved
molecular dynamics of bacteriophage HK97 capsid maturation inter-
preted by electron cryo-microscopy and x-ray crystallography.
J. Struct. Biol. 153:300–306.
16. Huang, R. K., R. Khayat,., J. E. Johnson. 2011. The Prohead-I struc-
ture of bacteriophage HK97: implications for scaffold-mediated
control of particle assembly and maturation. J. Mol. Biol. 408:541–554.
17. Gatsogiannis, C., A. Moeller, ., J. Markl. 2007. Nautilus pompilius
hemocyanin: 9 A˚ cryo-EM structure and molecular model reveal the
subunit pathway and the interfaces between the 70 functional units.
J. Mol. Biol. 374:465–486.
18. Gatsogiannis, C., and J. Markl. 2009. Keyhole limpet hemocyanin: 9 A˚
CryoEM structure and molecular model of the KLH1 didecamer reveal
the interfaces and intricate topology of the 160 functional units. J. Mol.
Biol. 385:963–983.
19. Perbandt, M., E. W. Gutho¨hrlein,., C. Betzel. 2003. The structure of
a functional unit from the wall of a gastropod hemocyanin offers
a possible mechanism for cooperativity. Biochemistry. 42:6341–6346.
20. Stuhrmann, H. 2004. Unique aspects of neutron scattering for the study
of biological systems. Rep. Prog. Phys. 67:1073–1115.
21. Goodsell, D. S., and A. J. Olson. 2000. Structural symmetry and protein
function. Annu. Rev. Biophys. Biomol. Struct. 29:105–153.
22. Rose, M. E. 1969. Elementary Theory of Angular Momentum. John
Wiley & Sons, New York.
23. Svergun, D., and H. Stuhrmann. 1998. New developments in direct
shape determination from small-angle scattering: I. Theory and model
calculations. Acta Crystallogr. A. 47:736–744.
24. Svergun, D. I., C. Barberato, and M. H. J. Koch. 1995. CRYSOL—a
program to evaluate x-ray solution scattering of biological macromol-
ecules from atomic coordinates. J. Appl. Crystallogr. 28:768–773.
25. Svergun, D. I., S. Richard, ., G. Zaccai. 1998. Protein hydration in
solution: experimental observation by x-ray and neutron scattering.
Proc. Natl. Acad. Sci. USA. 95:2267–2272.
26. Petoukhov, M. V., and D. I. Svergun. 2005. Global rigid body modeling
of macromolecular complexes against small-angle scattering data.
Biophys. J. 89:1237–1250.
Quaternary Structure from SAS Data 52127. Ortore, M. G., F. Spinozzi, ., D. Russo. 2009. Combining structure
and dynamics: non-denaturing high-pressure effect on lysozyme in
solution. J. R. Soc. Interface. 6 (Suppl 5):S619–S634.
28. Berman, H., K. Henrick, and H. Nakamura. 2003. Announcing the
worldwide Protein DataBank. Nat. Struct. Biol. 10:980.
29. Stone, A. J. 1978. The description of bimolecular potentials, forces and
torques: the S and V function expansions. Mol. Phys. 36:241–256.
30. Kirkpatrick, S., C. D. J. Gelatt, Jr., and M. P. Vecchi. 1983. Optimiza-
tion by simulated annealing. Science. 220:671–680.
31. Pasini, P., and C. Zannoni. 1984. Tables of Clebsch-Gordan coefficients
for integer angular momentum J ¼ 0–6. INFN Bull. TC-83/19:1–61.
32. Zannoni, C., and P. Pasini. 2000. Advances in the Computer Simula-
tions of Liquid Crystals. Kluwer Academic Publishers, Norwell, MA.33. Small-angle solution scattering (SAS), European Molecular Biology
Laboratory (EMBL). Hamburg, Germany. http://www.embl-hamburg.
de/biosaxs/atsas-online.
34. Sali, A., and T. L. Blundell. 1993. Comparative protein modeling by
satisfaction of spatial restraints. J. Mol. Biol. 234:779–815.
35. Favilla, R., F. Del Signore,., B. Salvato. 1998. Dissociation kinetics
of hemocyanin from Octopus vulgaris. Biochim. Biophys. Acta.
1385:115–125.
36. FReLoN CCD detector. European Synchrotron Radiation Facility
(ESRF). http://www.esrf.eu/UsersAndScience/Experiments/Imaging/
ID22/BeamlineManual/Detectors%2C%20Monitors%2C%20Shutters.
37. Guinier, A. 1963. X-Ray Diffraction. W. H. Freeman and Company,
San Francisco, CA.
38. Jacrot, B. 1976. The study of biological structures by neutron scattering
from solution. Rep. Prog. Phys. 39:911–953.Biophysical Journal 103(3) 511–521
